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Abstract
Tetiana Kolosovska
A COMPREHENSIVE EVALUATION OF WASTEWATER GRIT
CHARACTERISTICS AND ITS APPLICATION IN THE DESIGN OF A FACILITYSPECIFIC GRIT REMOVAL SOLUTION
2019-2021
Sarah Bauer, Ph.D.
Master of Science in Civil Engineering

Tailored solutions for wastewater treatment plants (WWTPs) are becoming more
prevalent for optimization of treatment process, based on the unique quality of the
influent received by each facility. In-depth evaluation of the influent properties is
necessary for design of the most appropriate treatment system. In this study, wastewater
grit was evaluated in terms of its quantity, particle size distribution, total organic carbon
(TOC) content, including fats, oils, and grease (FOG), and settling velocity of the
particles, over the course of one year at the headworks, collection network, and through
the treatment stages of the Atlantic County Utilities Authority (ACUA) WWTP, located
in New Jersey. Particles with diameter of 75 – 150 μm were the most prevalent,
comprising 34.7% of the total suspended solids (TSS) received by the WWTP. The TOC
fraction of the TSS ranged between 48 and 97%, with FOG comprising 2 – 34% of the
TOC. Settling velocity of the mixed grit particles ranged between 1.49 and 3.72 mm/s. A
significant seasonal variability and significant transport of grit through the treatment
stages were observed. These results demonstrate that grit at ACUA WWTP is finer and
slower to settle than the standard design assumptions. The ACUA WWTP would benefit
from a tailored grit removal solution, design of which uses the results of this study.
v
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Chapter 1
Introduction
Problem and Motivation
Clean water is one of the most valuable natural resources on Earth. In the United
States (U.S.) alone, approximately 34 billion gallons of wastewater are being processed
by wastewater treatment plants (WWTPs) every day [1]. The wastewater treatment
process incorporates various levels of treatment, from preliminary to tertiary [2]. Grit
removal is a common step in the preliminary treatment process. Grit removal systems are
typically installed between the influent screens and primary treatment units, with the goal
of removing all settleable inorganic particles, including sand [3]. Failure to remove grit
can result in costly damages to equipment through abrasion and grit accumulation in the
downstream treatment units.
Despite the importance of the removal of grit, scientific research on the grit
removal units and their performance is limited, especially relative to the studies of
secondary and tertiary treatment processes [4]. As a result, the design of grit removal
units has relied on the outdated definition of grit as inorganic particles, consisting of
sand, gravel, cinders, or other heavy materials, with a diameter larger than 0.21 mm and a
specific gravity of 2.65 g/cm3 [2], [5]. In reality, grit particles are often significantly
smaller and irregular in shape, which allows even smaller particles and organic materials
(including fats, oils, and grease [FOG]) to bind to them [6], [7].
A new way to characterize grit, using actual measurements of particle size and
settling velocity, was proposed by some authors [7], [8]. This revised approach promotes
1

the development of WWTP-specific grit removal solutions, based on the unique
characteristics of the grit received by the facility, and thus, eliminates uncertainties
associated with a design based on the broad definition of grit.
Study Site
The subject site of this study is the Atlantic County Regional WWTP, located on
the Absecon Island, an 8.1-mile long barrier island in the Atlantic Ocean, off the coast of
New Jersey. Aerial view of the WWTP is shown on Fig. 1. The WWTP has been
operational since 1978. Housed within the Atlantic County Utilities Authority (ACUA),
the WWTP was originally designed to serve only a few neighboring communities,
however; due to the rise of tourism along the New Jersey coast and the establishment of
Stockton University, ACUA began to serve a wider area. ACUA currently treats water
from 14 participating municipal communities with approximately 225,000 full-time
residents. The ACUA WWTP is a secondary treatment facility with an average daily
flow of 40 million gallons per day (MGD) and a design capacity of 60 MGD. The
treatment process flow diagram is shown on Fig.2.

2

Figure 1
Aerial View of the ACUA WWTP

Figure 2
ACUA WWTP Treatment Process Flow Diagram
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The ACUA wastewater treatment process begins with bar screens, where large
debris are removed from the influent. The wastewater then enters the primary clarifiers
where solids settle out to the bottom and are collected. Overflow from the primary
clarifiers enters the aeration basins where dissolved solids and organic matter are
digested. All wastewater then enters the secondary clarifiers from which 85% to 95% of
the pollutants have been removed. The treated effluent is then disinfected with chlorine.
Once the wastewater treatment process is finished, the treated water is discharged into the
Atlantic Ocean off the New Jersey coast. To minimize any negative impact on the
environment, the resulting sludge from the process is dewatered and incinerated on site.
The residue is placed into a landfill and compacted in accordance with the design
specifications.
The ACUA WWTP currently does not have a grit removal system in place and
has experienced impacts from grit damage in the past, including abrasive damage to
mechanical equipment and collection pipes, reduction in capacity due to grit
accumulation in downstream treatment units, and a significant increase in energy demand
for the incineration of sludge due to the presence of significant volumes of inert solids.
Research Objectives
The overall goal of this study is to provide the ACUA WWTP with a
comprehensive evaluation of physical characteristics of grit entering the facility over the
course of one year, so that the most effective, fiscally responsible, and sustainable grit
removal solution can be implemented at the site. Three separate research objectives were
developed to achieve this goal, as follows:
4

1)

Evaluate the properties of grit entering the ACUA WWTP;

2)

Evaluate the potential grit transport through the wastewater treatment

stages; and
3)

Conduct a feasibility study for implementation of a grit removal system at

the ACUA WWTP.
Thesis Outline
This thesis has been structured in six main chapters. This introduction Chapter 1
provides an overview of the current state of the wastewater treatment process and
describes layout, treatment process, and the conditions experienced at the ACUA WWTP.
This review leads to the specifications of the research objectives in the context of this
thesis.
Chapter 2 contains a summary of the information gathered from grit
characterization studies presented in academic and wastewater industry publications.
Chapter 3 provides the results of a 12-month long evaluation of physical
characteristics of grit entering the ACUA WWTP from three separate areas in the
collection network in terms of grit quantity, particle size distribution, organic coatings,
and settling velocity. The results of this evaluation were assembled in a manuscript
submitted for publication in the Special Issue of Resources, Conservation & Recycling
Advances (the full submission details are provided in the Appendix). A similar evaluation
of the grit particles that are carried through the treatment stages at the ACUA WWTP
during the same 12-month period is presented in Chapter 4.

5

A detailed analysis of available, applicable, and feasible grit removal technologies
is presented in Chapter 5 as a traditional engineering feasibility study.
Chapter 6 provides a summary of thesis conclusions and recommendations for
future work.

6

Chapter 2
Literature Review
Introduction
Grit removal systems are usually found at the headworks facilities at most
WWTPs between the screens and the primary treatment. The main goal of grit removal
systems is to remove all settleable inorganic solids, including sand [3]; thus, these
systems are usually designed to remove 95% of particles larger than 0.21 mm with a
density of 2,650 kg/m3 [1], [5]. Numerous definitions for wastewater grit exist today,
some of which rely on the earliest description proposed by Camp (1942) as “Grit includes
sand, silt, coal dust, coffee grounds, fruit seeds, etc. Much of the grit is organic, but if it is
not putrescible, it may be disposed of readily as fill” [9]. This study acknowledged that
wastewater grit had a significant fraction of organic material, yet later definitions were
focused on the inorganic particles, i.e., Finger and Patrick (1980) defined grit as “sand,
gravel, cinders, and other heavy solid materials that have subsiding velocities,
substantially greater than those of organic putrescible solids in wastewater” [5]. The
traditional definition of grit as particles larger than 0.21 mm and with a specific gravity
greater than 2.65 stems directly from the earlier definitions provided above.
Gravity Separation
The traditional definition of grit provided above has been used in design of grit
removal systems for decades. In wastewater treatment, grit removal is usually based on
sedimentation, with discrete type settling being the predominant mechanism [10].
Discrete settling is defined as the process where individual particles settle by gravity in a
7

constant acceleration field without interaction with other particles [11]. Stokes’ Law is
commonly used to describe discrete settling of grit particles [10], [11]. Stokes’ Law
assumes laminar flow conditions where Reynolds number is less than 1 and the viscosity
is the governing force of the settling, as shown by equation 1.

Where:

𝑣𝑣𝑠𝑠 =

𝑔𝑔�𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑤𝑤 �𝑑𝑑𝑝𝑝2 𝑔𝑔�𝑆𝑆𝑆𝑆𝑝𝑝 − 1�𝑑𝑑𝑝𝑝2
=
18𝜇𝜇
18𝑣𝑣

(1)

vs = terminal settling velocity of the particle
g = acceleration due to gravity
𝜌𝜌p = density of the particle
𝜌𝜌w = density of water

dp = diameter of the particle
μ = dynamic viscosity
SGp = specific gravity of the particle
v = kinematic viscosity

Stokes’ Law accuracy diminishes with an increase in Reynolds number above 1,
i.e., with an increase in particle mean diameter above 100 μm [7]. Since Reynolds
number is defined as ratio of inertia forces to viscous forces, the resistance of particles to
motion becomes more important when the flow regime changes from laminar to
transitional. Newton’s Law can be used to balance the forces in the transitional flow as is
incorporated gravitational and drag forces, as shown by equation 2.
8

Where:

𝑣𝑣𝑠𝑠 = �

4𝑔𝑔 𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑤𝑤
4𝑔𝑔
�
� 𝑑𝑑𝑝𝑝 = �
�𝑆𝑆𝑆𝑆𝑝𝑝 − 1�𝑑𝑑𝑝𝑝
3𝐶𝐶𝑑𝑑
𝜌𝜌𝑤𝑤
3𝐶𝐶𝑑𝑑

(2)

vs = terminal settling velocity of the particle
g = acceleration due to gravity
Cd = drag coefficient of the particle
𝜌𝜌p = density of the particle
𝜌𝜌w = density of water

dp = diameter of the particle
SGp = specific gravity of the particle

The drag coefficient is a function of the particle’s Reynolds number, expressed
mathematically by equations 3 and 4, respectively.

Where:

𝐶𝐶𝑑𝑑 =

24
3
+
+ 0.34
𝑅𝑅𝑅𝑅𝑝𝑝 �𝑅𝑅𝑅𝑅𝑝𝑝

(3)

Rep = Reynolds number of the particle

Where:

𝑅𝑅𝑅𝑅𝑝𝑝 =

𝑣𝑣𝑠𝑠 𝑑𝑑𝑝𝑝 𝜌𝜌𝑤𝑤 𝜑𝜑 𝑣𝑣𝑠𝑠 𝑑𝑑𝑝𝑝 𝜑𝜑
=
𝜇𝜇
𝑣𝑣

vs = terminal settling velocity of the particle
9

(4)

dp = diameter of the particle
𝜌𝜌w = density of water

φ = sphericity of the particle, defined as the ratio of the surface area of a sphere
having the same volume as the particle to the actual surface area of the particle
μ = dynamic viscosity
v = kinematic viscosity

Equations 1 through 4 are commonly used to estimate how fast individual
particles settle based on the characteristics of the particles themselves and the
surrounding fluid. The calculated terminal settling velocity is then incorporated into the
settling chamber design, which utilizes critical particle settling velocity as a cut-off point,
which means that all particles with terminal settling velocities higher than the critical
settling velocity will settle out of the fluid [3], [12]. The critical settling velocity is the
function of the flowrate and sedimentation basin dimensions as shown by equations 5 and
6.

Where:

𝑣𝑣𝑐𝑐 =

𝑄𝑄
𝐴𝐴

vc = critical settling velocity of the particle
Q = flowrate

A = surface area of the sedimentation basin
10

(5)

Where:

𝑣𝑣𝑐𝑐 =

𝐷𝐷
𝐻𝐻𝐻𝐻𝐻𝐻

(6)

vc = critical settling velocity of the particle
D = depth of the sedimentation basin

HRT = hydraulic retention time
Equations 1 through 4 demonstrate the importance of physical characteristics of
the particles for calculation of their settling velocities, which places even greater value
into a more accurate definition of a design grit particle. In recent years, a new definition,
based on the particle settling velocity concept, was developed by the Water
Environmental Federation (WEF) Grit Task Force [13], which reads "Assuming the grit
system is designed to remove 100 μm grit, sampling methods must capture solids with a
settling velocity of at least 100 μm clean grit, and preferably less if it is agreed that grit
≥100 μm in its raw state can have settling characteristics of less than 100 μm grit. For
this reason, it is recommended that the definition of grit for the purpose of sampling be
the settling velocity of the grit particle as it exists in the raw wastewater of the
appropriate size that is intended to be removed by the system being sampled."
Definitions of Grit
The lack of consensus on the definition of grit might be the culprit for the
published differences in the quantities of grit between different studies, which can vary
up to an order of magnitude [10], [14]. Considering that the settling characteristics are
dependent on the particle size, density, and shape, the lack of the consensus on the
11

definition of grit might also influence the inherent presumptions, which are incorporated
in the design of grit removal systems [14], [15].
Some researchers theorized that the characteristics of the solids in the influent of a
WWTP depend on the characteristics of the collection system and the origins of the solids
sources [8], [16]. Additional important factors brought up by other researchers [10], [13],
[17] include the collection system size, age, status, type (separate or combined), the
number of pumping stations, the topography, soil type, and groundwater regime.
Ashley et al. (2005) have theorized that multiple sources may have an impact on
the solid characteristics. These sources include atmospheric deposition, wash-off from
impervious surfaces, domestic solids, and breaks in the sanitary sewer collection system
resulting from sewer decay, degradation, or improper connection. Additionally, they
concluded that weather conditions, especially significant storm and de-icing events lead
to substantial variations in solids loads [16].
The solids load variability is also influenced by the flow regime in the collection
system. Rippon et al. (2010) has surmised that grit particles can remain suspended, and
thus, travel through the collection system, if flow velocity above 1.07 m/s is sustained, or
move with the moving sediment bed at velocities between 0.52 m/s and 1.07 m/s. At
flow velocities below that, grit particles will remain deposited at the bottom of the
collection pipe until a runoff or peak flow induces the flow increase and transports them
though the system [17]. This has an important application, as an unknown volume of grit
can settle within the collection system during time periods between significant runoff
events. Once these events occur, the unanticipated grit loading in the influent can
12

overwhelm the wastewater treatment system if grit removal system is not present or is not
designed to handle rapid loads brought on by storm events.
Sampling and Characterization Methods
Since no standard definition for grit exists, this group of solid particles does not
have a dedicated set of standard methods which can be used for its characterization [8].
Different entities utilize different methods, and at times, the lack of consensus among the
methods and quality control requirements may lead to different result. An assessment of
the magnitude of the error associated with these varying methodologies is outside of the
scope of this project; however, it could be useful to evaluate the inter-sample and intermethod variability in the future in order to produce defensible results. Methods that are
commonly used for grit sampling and characterization are summarized in the following
paragraphs. Unique methods were developed for this study based on the published
approaches and in consideration of available supplies, yet method validation still needs to
be carried out to promote this type of investigation at other facilities.
Sampling Methods
Grit sampling is complicated by the inherent heterogeneity of the wastewater
stream and variability of flows. Reddy and Pagilla (2009) summarized the most
commonly used methods as follows [8]:
•

Bucket sampling: manual collection of a grab sample with a bucket or a

similar vessel. Limited to upper depths.
•

Single-point pumping: a pipe is placed at the bottom of the channel with

the opening facing the flow. Sample is pumped to the surface and collected in a bucket
13

or a similar vessel. Limited to the deepest flow where the highest quantity of grit is
expected.
•

Cross channel pumping: similar to the single point pumping, a pipe is

placed at the bottom of the channel with the opening facing the flow. Sample is collected
using a syphoning action and the pipe is moved to several locations across the bottom of
the channel. This approach is limited to the deepest flow.
•

Vertical slotted sampler: this sampler consists of a polyvinyl chloride

(PVC) pipe capped at the bottom, with a continuous slot along the side. The pipe is
placed vertically into the channel with the slot facing the flow. The water and grit
entering the pipe through the slot is pumped to the surface and collected in a large
receptacle. The sampler is designed to extend the entire depth of flow.
•

Manifold pumped sampling: this is a multi-point sampler consisting of a

rigid frame support which spans the entire cross section of the channel with multiple
sampling hoses attached at various depths. Sampling hoses connect together at a manifold
above the frame, from which water is pumped into a large receptacle.
Of the sampling methods listed above, only vertical slotted sampler and manifold
pumped sampling approach have the capability to collect water from the entire flow
depth profile. However, none of the grit sampling methods have been published in the
peer-reviewed literature and the representativeness of data collected via any of these
means has not been evaluated by scientific community at large [8]. Ultimately, the choice
of the sampling method is left to the final data user, and it often depends on the
availability of equipment and/or funds.
14

Particle Size Analysis
Particle size distribution is traditionally used to characterize grit [8]. The resulting
values can be used to estimate particle settling velocity using Stokes’ or Newton’s Laws.
The two most common methods for particle size distribution are wet and dry sieving. Wet
sieving is more appropriate in the situations where grit particles have a significant
amount of organic matter including coatings, which can affect settling velocity [13]. Dry
sieving is performed on dried or ashed grit sample, which can provide important
information on the inert solids composition, which can then be used to evaluate potential
options for the reuse of recovered grit; however, particle size distribution of ashed
samples should not be used for estimation of their settling velocities due to the significant
changes in grit characteristics attributable to the loss of organic matter [5].
Although sieving is a simple and relatively inexpensive approach, it does not
provide information on shapes of the particles, which can be viewed as a significant
limitation, since grit particles are rarely spherical in shape. Particle counters with imaging
capabilities can provide information on particles concentration, size, shape, and settling
velocity [13], [18]; however, this advanced technology requires a significant investment
upfront, and, thus, is often inaccessible to wastewater researchers.
Composition of Solid Particles
Wastewater solids can be characterized using a suite of standard methods [19].
Total solids (either dried or filtered residue) can be separated into organic and inorganic
fractions via ignition of the residue at 550°C. The mass of the residue remaining after the
ignition is considered to be inorganic solids, while the mass lost on ignition is referred to
15

as organic (or volatile) solids. Further fractionation of both inorganic and organic
fractions is possible, e.g., soluble and insoluble inorganics, biodegradable and nonbiodegradable organic solids, etc. For this study, the particle composition evaluation was
limited to the determination of total solids with their organic and inorganic fractions, and
further evaluation of non-polar, hydrophobic fraction of organic solids.
Settling Velocity
The vertical terminal velocity of the grit particles traveling under the influence of
gravitational and drag forces is the most important grit characteristic for the design of grit
removal system [7], [13]. Nevertheless, the true settling velocity is rarely measured and
used in the design of grit removal system, giving preference to the mathematical
estimation of this important parameter [18].
Methods for measurement of settling velocity of the wastewater solids can be
separated into two distinct groups: static settling devices, e.g., settling columns; and
dynamic settling devices, where water is under dynamic conditions. For the purposes of
this project, only static settling devices were considered due to the limitations imposed by
the materials availability.
Multiple settling columns have been utilized for grit particle settling evaluation
over the past 30 years, including the CERGRENE protocol [20], the Aston column [21],
the UFT column [22], the U.S. EPA column [23], and the ViCAs protocol [24]. All of
these columns have circular cross section with diameter varying between 0.05 m and 0.19
m. The height of these columns varies between 0.2 and 1.8 m, and the sample volume
varies between 1 and 40 L. All are designed to show the particle settling velocity
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distribution, i.e., either numerous ports are utilized along the column’s height to collect
various sample fractions or timed prescribed time intervals are used to determine overall
settling of particles. None of these columns were available at the time of this project and
construction of one was made impossible by the nationwide shortage of special-order
acrylic due to the COVID-19 pandemic.
Sand Equivalent Size
The real grit particles rarely resemble clean silica sand grains which are
customarily used in design of grit removal systems. Actual grit is rarely uniform in shape
and contains a significant fraction of organic matter, which is lighter than silica and
makes the overall particle less dense. Sand equivalent size is sometime used to estimate a
more accurate settling velocity of a particle and is defined as the size of a clean sand
particle, that has the same settling velocity of the actual grit particle (the grit particle is
usually much larger in diameter due to the presence of organic coatings) [7], [13]. Sand
equivalent size is especially useful when the actual settling velocity of the particles
cannot be measured.
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Chapter 3
Evaluation of Grit Properties Entering the ACUA WWTP
Introduction
Clean water is one of the most valuable resources on Earth. Fortune Business
Insights projects the global water and wastewater treatment market to grow from USD
283.48 billion in 2021 to USD 465.23 billion in 2028, in order to satisfy the expanding
municipal, agricultural, and industrial needs [25]. In the United States alone,
approximately 34 billion gallons of wastewater are being processed by WWTPs every
day [1]. WWTPs utilize a series of physical, biological, and chemical processes to
separate the unwanted constituents (e.g., large particles, suspended solids, pathogens,
contaminants, and nutrients) from the wastewater before discharging the treated water
back into the environment. Grit removal process is a step in preliminary wastewater
treatment with the main goal to remove a wide variety of particles suspended in influent,
including gravel, sand, eggshells, bone chips, and seeds, which range from 75 to 600
micrometers [7]. Although grit consists of relatively small particles, its potential for
damage is great. If not removed, it can accumulate and, thus, reduce the capacity of the
downstream treatment units, including aeration tanks and bioreactors [26], [27] or block
transfer lines and pipes. Additionally, abrasion is a common result of poor grit removal
operations, which results in damages to mechanical equipment, i.e., pumps and
centrifuges [28]. It has been shown that without the removal of grit, pump impellers can
lose up to 30% of their life cycle due to abrasion [29]. In some instances, machinery
becomes completely non-functional. Removal of grit is important not only due to the
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various damages from the abrasion and clogging of systems, but also due to the increased
costs of maintenance after grit enters the downstream processes throughout the plant. On
average, annual maintenance costs can account for up to 15% to 25% of total WWTP
operational costs, with mechanical equipment accounting for up to 6% of those
maintenance costs [27].
Traditional grit removal tank design is relatively simple and is based on the
particle settling velocity, which depends on the specific gravity of the particle. The ideal
target grit particle for grit removal system design is spherical, homogeneous, 200
micrometers in size, with a specific gravity of 2.65 [6]. The typical specific gravity of soil
ranges from 2.64 to 2.72, yet it has been reported that the overall specific gravity of
wastewater particles is lowered due to layers of organic material that typically coat the
particles [6]. In the real world, however, the ideal conditions are rarely satisfied, as grit
may be introduced from a wide variety of sources, depending on the location of the
WWTP and the composition of its influent. Aerated and vortex grit tanks can be designed
for a specific target particle as their different flow regimes allow for more efficient
separation of smaller grit and organic coatings. However, the knowledge of the grit
composition and properties is crucial for design of these systems as modifications can be
costly. Therefore, it is currently becoming more evident that it is best for facilities to
choose grit removal options based on the specific needs of the facility and at a cost the
facility can afford [1].
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Study Site
ACUA currently has no system in place to remove grit entering the WWTP
headworks. With 40 MGD of wastewater entering the facility, it is reasonable to assume
that a relatively significant quantity of grit may be a component of the influent.
Stormwater runoff is routed separately from municipal wastewater in the service area and
is normally not a part of the ACUA influent. However, during heavy rainfall events,
stormwater can enter the municipal sewage system via flooded manholes. Considering
the proximity of the facility to the Atlantic Coast, sand could be a major component of
the stormwater grit makeup. The influent levels at ACUA rise during storm surges,
giving reason to believe quantities of grit increase as well. During these storm surges, the
plant can receive its full designed capacity of 60 MGD, which is a 50% increase over its
regular load. Although stormwater and wastewater may seem similar, they have notable
differences. Stormwater is much harder to predict; peak flow, volume, quality,
composition, and pollutant levels are all factors that are difficult to foresee [30]. Having
the potential for an excess number of unknown substances introduced into the treatment
system via stormwater intrusion in addition to the more predictable average daily loads
supports the reasoning for the design of a custom, facility-specific grit removal system at
the ACUA WWTP.
Study Objectives
This study has four major aims: (1) to characterize physical attributes of grit
entering ACUA’s WWTP as a case study; (2) to assess potential seasonal variability in
grit composition and properties; (3) to evaluate the effect of changes in grit composition
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on its settling; and (4) to investigate potential source areas of enhanced grit input. The
results of this research are instrumental in the determination of the most appropriate,
fiscally responsible, and sustainable method of grit removal at the study site, and will
serve as the basis for promotion of wider acceptance of the development of site-specific
infrastructure development approaches with the ultimate goals to preserve the resources
and to be the best stewards for the environment.
Materials and Methods
Sample Collection and Preservation
Liquid grab samples were collected once a month over a period of one calendar
year between September 2020 and August 2021 from the plant’s headworks and three
main wastewater pumping stations which route wastewater to the plant from the
collection network. The locations of the pump stations relative to the WWTP are shown
on Fig. 3, where WWTP is marked with a yellow star. One of the pumping stations is
located on mainland, inland from the WWTP (Inland Station; marked with a red triangle)
and two of the stations are located on the Absecon Island, one on the north side of the
island (Coastal Station N; marked with a red circle) and one on the south side of the
island (Coastal Station S; marked with a red diamond).
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Figure 3
ACUA WWTP Collection Network and Sampling Locations

A total of 24 L of each plant influent and pumping station sample were collected
using the facility’s existing sampling pumps. All samples were placed on ice and
transported to the laboratory for analyses.
Settling Velocity Method Development
A list of various settling velocity chambers is provided in Chapter 2. None of
these apparatuses were available at the research laboratory at the time of this
investigation. Additionally, the nationwide shortage of clear acrylic materials made
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assembly of one of the cylindrical chambers virtually impossible at that time. Thus, a new
chamber was developed based on the materials available.
The settling chamber used in this project was designed using AutoCAD and
assembled in the lab. Fig. 4 shows a schematic diagram of the rectangular open-top tank
made of acrylic plastic for optical transparency. The tank dimensions were 12 inches
wide by 30 inches high by 4 inches deep. The dimensions were calculated to minimize
the wall effect and drag on the particles, which requires a minimum container thickness
of 4 inches [31]. The height of 30 inches is similar to the commonly used settling
columns. The 12-inch width was designed to allow for the widest field of view.

Figure 4
Schematic of Settling Velocity Tank Design
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A 1-inch by 1-inch square grid was etched on the outside of one panel to be used
as a frame of reference for estimating a particle travel path. Plant influent was the only
sample type analyzed for settling velocity. For each experiment, the tank was filled with
23 L of plant influent and particles were allowed to settle undisturbed for 2 hours. Only
plant influent was evaluated. The tank was backlit with a diffused white light encased in
a common photography softbox. Experimental setup is shown on Fig. 5. A time lapse
video of settling progress was recorded with a digital camera at a rate of one frame per
second. The images were processed in Adobe Photoshop and Premiere software to
increase brightness. Ten randomly selected non-aggregated particles were traced through
the water column by observation on a frame-by-frame basis, and settling velocity was
calculated for each particle by dividing the total path traveled by the recorded time
interval.
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Figure 5
Settling Velocity Experimental Setup

This method is similar to the roller table setup commonly used in oceanographic
applications for particle tracing [32], [33]. As an observation method for discrete
particles, it is subject to human error and potential bias. Both error and bias can be
eliminated with the use of an automated laser particle counter; however, such advanced
technology was not available for this project.
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Particle Size Distribution
Plant influent and pump station samples were separated on wet sieves to evaluate
particle size distribution. Wet sieving is a common approach for evaluation of grit
particle sizes [13]; however, no standard method exists for wet sieving. The experimental
procedure was modified from the ASTM Standard D6913/D6913M [34], which describes
the method of particle size distribution for soil using sieve analysis. All samples were wet
sieved over a stack of six Gilson Company Inc. ASTM E11 Specification USA Standard
Test Sieves (sieve 1 = 2.36 mm [No. 8], sieve 2 = 1.18 mm [No. 16], sieve 3 = 0.6 mm
[No. 30], sieve 4 = 0.3 mm [No. 50], sieve 5 = 0.15 mm [No. 100], sieve 6 = 0.075 mm
[No. 200]; opening dimensions). Particles passing the finest sieve were discarded. All
sieves were massed clean and empty using an Ohaus Ranger 7000 Digital Scale prior to
analysis. For each sample, 23 L of wastewater were poured over a dedicated sieve stack.
The sample container was triple rinsed and the rinsate was loaded onto the sieves to
ensure complete solids transfer. The loaded sieve stacks were manually agitated under the
stream of clean water with a throughput of 2 L/min to facilitate solids distribution. The
loaded sieves were dried in a VWR Gravity Convection Oven at 103°C for 24 hours and
massed again after cooling to room temperature using the same scale to determine the
mass of solids retained. The results were expressed as the fraction of solids mass retained
on each sieve relative to the total mass of solids retained on all sieves.
Total Suspended Solids
All samples were analyzed for the TSS content using the United States
Environmental Protection Agency (USEPA) Method 160.2 [35] with minor modifications
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to account for differences in equipment and supplies available. This USEPA method is
almost identical to the Standard Methods for Examination Water and Wastewater Method
No. 2540D [19], which could not be used due to the Requirements for specific equipment
to be used. Each sample was agitated, then a 50 mL volume of subsample was poured
from the sample bottle into a graduated cylinder and immediately filtered under vacuum,
using a standard Pall Corporation filtering manifold, equipped with pre-weighed 4.7 cm
in diameter Whatman Glass Microfiber Filters ([GF/F] 0.7 µm pore size). A total of six
subsamples were loaded onto individual GF/Fs, with three filters used as true replicates in
TSS analysis and the remaining three GF/Fs stored at -20°C for further organic analyses.
Sample volume was established experimentally at the beginning of the sampling period
by passing sufficient volumes of sample through the filter to achieve clogging, in order to
allow for maximum solids load. The loaded filters were dried to a constant mass in a
VWR Gravity Convection Oven at 103°C for 24 hours and weighed again after cooling to
room temperature in a desiccator on a Denver Instruments A-200DS Analytical Balance.
The results were expressed as mass of solids retained on the filter per unit volume of
sample filtered.
Total Organic Carbon
The filtered residue material used in the TSS analysis was also utilized to
determine the TOC fraction of the suspended solids via Loss on Ignition (LOI) test
following the modified USEPA Method 160.4 [36]. After weighing for TSS analysis, the
individually wrapped, loaded, dried GF/F filters were combusted at 400°C for 8 hours in
the Thermo Scientific Lindberg/Blue M Muffle Furnace, then cooled to room temperature
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in a desiccator and weighed on the Denver Instruments A-200DS Analytical Balance.
The mass lost on ignition (i.e., the difference in mass before and after combustion of the
sample) was assumed to be representative of the TOC available for combustion. The
TOC results were expressed as a fraction of the TSS content of the samples.
This method is subject to many errors due to loss of water trapped in crystal
structures of minerals, loss of volatile organic matter prior to combustion, incomplete
oxidation of certain complex organics, and decomposition of mineral salts during
combustion. These errors and uncertainties are virtually impossible to measure with
standard equipment. Thus, these results should be considered an estimation of organic
matter content in the samples.
Extraction of Total Fats, Oils, and Grease
All samples were analyzed for the total fats, oils, and grease (FOG) content. The
method used was adapted and modified from [37] and the USEPA Method 1664B [38].
The filters reserved from the TSS analysis were placed into 20 mL test tubes with 10 mL
n-hexane, vortexed for 10 seconds, then left undisturbed in the dark for 1 hour. The
extracts were then transferred into tared 4 mL vials and dried in a 65°C water bath under
a gentle stream of nitrogen. After drying, the vials with FOG residue were weighed on
the on a Denver Instruments A-200DS Analytical Balance. The resulting total FOG
values were expressed as percent of TSS.
Results and Discussion
Grit composition is inherently heterogeneous and varies with time. Long-term
evaluation of this heterogeneity allows to capture the range of grit characteristics and aids
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in the determination of the most appropriate method of grit removal at the study site. In
this study, seasonal changes were observed in particle size distribution, TSS loads, and
TOC fraction of TSS.
Size Gradation
Table 1 shows the results of the particle size distribution evaluation of the plant
influent and wastewater collected from the three main pump stations. The results are
expressed as mean values for each sieve mesh aperture at each sampling location
averaged over the entire data set with one standard deviation. The high standard
deviation values indicate a significant amount of data spread observed at each sampling
location over the course of a calendar year. Particles retained on the coarsest sieve were
confirmed to be organic in nature (e.g., seeds, pieces of wood, etc.) and no fine gravel
was observed in any of the samples. Most of the particles were in the sand size range,
with fine sand (particles with diameters in the range of 75 – 200 μm) fraction being
slightly more prevalent overall. Presence of a relatively high fraction of fine sand (near
35% in plant influent) carries an important implication for the grit removal system
implementation, as most conventional grit removal systems are designed for ideal target
spherical particles with 200 μm mean diameter [6].
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Table 1
Mean Particle Size Distributions at All Sampling Locations Collected Monthly Over a
Period of 12 Months (n = 12)

Unit
% Retained

Plant
Influent
(n = 12)
4.30 ± 4.16

Sampling Location
Inland
Coastal
Station
Station N
(n = 12)
(n = 12)
9.74 ± 6.64
12.09 ± 10.44

Coastal
Station S
(n = 12)
9.01 ± 8.51

1,180

% Retained

6.09 ± 6.79

7.05 ± 5.68

6.53 ± 6.16

4.19 ± 3.92

600

% Retained

22.98 ± 9.36

18.92 ± 10.95

18.48 ± 12.59

15.30 ± 7.71

300

% Retained

31.90 ± 10.28

26.63 ± 9.24

27.49 ± 14.62

26.76 ± 8.95

150

% Retained

17.19 ± 8.66

20.42 ± 9.53

24.29 ± 16.35

27.87 ± 7.73

75

% Retained

17.55 ± 8.83

17.25 ± 8.42

11.12 ± 9.45

16.87 ± 11.20

Sieve
Aperture,
μm
2,360

Notes: n = number of replicates. Mean value of the three replicates ± 1 standard deviation

Relative differences between sampling locations on each sampling date were
evaluated using the particle size distribution curves presented in Fig. 6. Notable
differences were identified between the locations as summarized below: (1) Coastal
Station N contained more coarse fraction particles in the period between November 2020
and April 2021; (2) Coastal Station S particle size distribution was significantly different
from the Coastal Station N, which suggests different input sources despite the near
proximity geographically; (3) results of analyses of samples collected in January 2021
were not in agreement with the rest of the data, indicating that some of the material in the
coarse sand fraction has potentially settled in the plant collection pipes prior to reaching
the plant.
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Figure 6
Evaluation of Seasonal Changes in Particle Size Distribution at All Sampling Locations
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Panels in rows are arranged as calendar seasons in the following order: panels a-c
represent autumn months (September through November), panels d-f represent winter
months (December through February), panels g-i represent spring months (March
through May), and panels j-l represent summer months (June through August).
Particle size distribution in panels a-c demonstrates a shift from finer to coarser
particles in the plant influent from September (29.58% finer than 150 μm) to November
(17.19% finer than 150 μm). This shift is not reflected in particle size distributions
recorded at the pumping stations, all of which showed an increase in the finer than 150
μm size fraction from September to November (10.57% to 38.89% at Coastal Station N,
14.71% to 32.69% at Coastal Station S, and 12.23% to 22.99% at Inland Station [values
are given for September and November at each sampling location]).
The opposite trend was observed in the winter months in the pumping stations
samples, where the finer than 150 μm size fraction constituted less than 10% of the total
solids at coastal stations (with the exception of January sample collected at Coastal
Station S) and less than 14% at Inland Station, while plant influent contained 16.18 –
21.19% of the particles smaller than 150 μm.
All samples had a relative increase in the finer than 150 μm size fraction between
March and May (9.72% to 12.35% increase at Coastal Station N, 7.36% to 23.08%
increase at Coastal Station S, 8.55% to 39.47% increase at Inland Station, and 10.29% to
25.35% increase observed in plant influent sample).
In the summer months, overall particle size distribution shifted from finer to
coarser particles, especially evident in the Coastal Station N samples, where finer than
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150 μm size fraction has decreased from 12.35% in May to 0% in June, followed by a
slight rebound to 8.68% in July and 7.89% in August. Plant influent particle size
distribution also displayed a significant decrease in finer than 150 μm fraction in June
and July (from 25.35% in May to 0% in June and 4.43% in July); however, it rebounded
to 25.42% in August, nearing the results recorded in September sample.
For the plant influent, particle size distribution in August 2021 and September
2020 were very similar, confirming that a single 12-month evaluation of changes is
adequate to capture potential seasonal trends. Particle size distributions in plant influent
samples show changes which can be aligned with the seasons. The WWTP receives a
significant amount of fine sized particles (under 150 μm) in autumn, and it gradually
decreases through the winter and spring months to near zero in the summer. The relative
increase in the coarse fraction in the summer months could potentially be attributed to the
increased input of sand in the coastal stations samples, which is confirmed by the low
organic carbon content, discussed in the following subsection.
The particular focus placed on the finer than 150 μm fraction is necessary
because, while the ideal grit particle for grit removal system design is about 200 μm in
diameter [6], membrane bioreactors effectiveness can be reduced by particles as small as
75-106 μm [39]. ACUA WWTP does not currently have a membrane bioreactor in place
and potentially could introduce biotechnology to its secondary treatment units as an
upgrade in the future, thus necessitating a decrease in the cut point particle size for the
grit removal system design in order to avoid potential challenges in the future, i.e., when
small particles pass through the treatment stages and affect performance of upgraded
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secondary or tertiary units [40]. Additional potential sand loads during storm events
should also be included in the grit removal design specification.
Total Suspended Solids and Total Organic Carbon
Results of the TSS and TOC evaluation are summarized in Table 2 and presented
graphically in Fig. 7. .

34

Table 2
Cumulative Results of TSS Concentration Evaluation and its Constituent TOC Fraction at the Three Main Pumping Stations and in
the Plant Influent Over the Period of 12 Months
Sep.
n=3
293 ± 37
72 ± 4

Oct.
n=3
114 ± 9
53 ± 7

Coastal S

TSS, mg/L
TOC, %TSS

106 ± 5
76 ± 6

50 ± 5
50 ± 5

99 ± 10
97 ± 4

170 ± 4
90 ± 2

321 ± 74
84 ± 0

89 ± 10
89 ± 1

Inland

TSS, mg/L
TOC, %TSS

121 ± 10
78 ± 4

135 ± 5
64 ± 3

75 ± 4
93 ± 1

237 ± 36
92 ± 2

106 ± 2
89 ± 2

137 ± 13
94 ± 2

TSS, mg/L
135 ± 1
81 ± 6
103 ± 3
134 ± 6
259 ± 34
TOC, %TSS
58 ± 2
48 ± 5
89 ± 3
94 ± 4
85 ± 1
Notes: n = number of replicates. Mean value of the three replicates ± 1 standard deviation

126 ± 11
91 ± 2
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Sampling Parameter,
Location Unit
Coastal N TSS, mg/L
TOC, %TSS

Sampling Period
Nov.
Dec.
n=3
n=3
90 ± 2
155 ± 27
93 ± 7
87 ± 1

Influent

Jan.
n=3
88 ± 11
80 ± 2

Feb.
n=3
96 ± 11
86 ± 8

Sampling Parameter,
Location Unit
Coastal N TSS, mg/L
TOC, %TSS

Mar.
n=3
130 ± 61
94 ± 6

Apr.
n=3
107 ± 15
81 ± 5

Sampling Period
May.
Jun.
n=3
n=3
91 ± 2
160 ± 8
89 ± 9
88 ± 2

Coastal S

TSS, mg/L
TOC, %TSS

114 ± 5
88 ± 2

147 ± 21
83 ± 3

189 ± 13
84 ± 3

211 ± 16
89 ± 1

103 ± 8
77 ± 2

273 ± 7
77 ± 1

Inland

TSS, mg/L
TOC, %TSS

179 ± 51
90 ± 3

166 ± 3
84 ± 2

169 ± 4
81 ± 4

165 ± 6
89 ± 3

341 ± 41
63 ± 4

159 ± 6
69 ± 3

TSS, mg/L
69 ± 6
141 ± 16
189 ± 8
157 ± 6
249 ± 36
TOC, %TSS
75 ± 8
83 ± 3
89 ± 3
87 ± 1
85 ± 2
Notes: n = number of replicates. Mean value of the three replicates ± 1 standard deviation

127 ± 3
60 ± 1

Influent

Jul.
n=3
187 ± 16
80 ± 2

Aug.
n=3
221 ± 4
76 ± 2
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Figure 7
TSS Concentrations with TOC Fraction at the Three Main Pumping Stations and in the Plant Influent Over the Period of 12 Months
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TSS concentrations were highest in the summer months (June through August) at
all locations. Additionally, anomalous high TSS concentrations were recorded at Coastal
Station N in September (293 ± 37 mg/L), at the Inland Station in December (237 ± 36
mg/L), and at both Coastal Station S and plant influent in January (321 ± 74 mg/L and
259 ± 34 mg/L, respectively). Overall, TSS concentrations ranged between 50 ± 5 and
341 ± 41 mg/L, similar to the values reported in other studies [41], [42], and tended to be
higher in the warmer months.
TOC fraction of the TSS tended to be lower in the warmer months with the lowest
values ranging between 48% and 64% of the respective TSS measurements recorded in
October at all sampling locations. A rapid increase in TOC fraction of TSS in November
has been recorded at all locations, with values ranging between 89% and 97% of the TSS.
While the TSS values displayed temporal and spatial variability in the sampling period
between the months of November and April, the TOC fraction remained relatively stable
at levels near 90% of the TSS. TOC fraction has decreased rapidly in August, most
notably at both coastal stations, where TSS concentrations remained high, potentially
indicating an increased influx of sand material.
Review of the particle size distribution for August (Fig. 6h) does not provide
sufficient evidence to support this claim. However, the data for September and October
(Fig. 6a and Fig. 6b, respectively) indicate larger fraction of coarser material, particularly
at Coastal Station N. This relative increase in coarse material fraction, combined with
high TSS and low TOC values, suggest that increased input of sand is likely in the coastal
areas
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Fats, Oils, and Grease
Traditional grit removal technology relies on settling due to gravity, and grit
composition is one of the most important factors influencing the settling process of a
particle. Settling is affected by particle material, size, and shape [43], which determine
the inherent density and the amount of drag. Density can further be affected by various
coatings on the surface of the particles, especially those with low specific gravity [18],
i.e., fats, oils, and greases, collectively referred to as FOG.
In this study, the total FOG concentrations, as part of the TOC, were evaluated to
investigate the potential effect of FOG on the measured settling velocity. The results of
the FOG analysis are presented graphically in Fig. 8. Overall, FOG concentrations
measured in crude sewage collected from the three pumping stations and in the plant
influent were relatively low (most samples below 10 mg/L), with the highest
concentration of 38 ± 10 mg/L measured at Coastal Station S in August. These values
were significantly lower than some of the concentrations reported in literature (57 ± 11
mg/L in [44] and 50 – 150 mg/L in [45]).
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Figure 8
FOG Concentrations as Fraction of TOC at the Three Main Pumping Stations and in the
Plant Influent Over the Period of 12 Months
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In general, FOG fraction of TOC was higher in the warmer months (March
through August), which could be attributed to the enhanced mobility of FOG at elevated
temperatures; however, results from September were some of the lowest; and, therefore,
it is unlikely that changes in the FOG mobility influenced the spring and summer
samples. This temporal variability could be attributed to the presence of organic matter
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naturally rich in lipids, such as animals (e.g., invertebrates) and plant debris, which would
be expected to be more abundant in the warmer seasons.
Settling Velocity
Settling velocity was evaluated for the six monthly plant influent samples
collected in the sampling period between March and August 2021. Measurements fell in
the range between 1.49 mm/s and 3.72 mm/s, as shown in Table 3. Based on previous
literature, the average settling velocity for mixed grit sourced from various sites ranges
from 1.4 to 14 mm/s [46], [47], [48].

Table 3
Settling Velocity of the Particles in Plant Influent
Month

Mar. Apr. May Jun. Jul.

Aug.

Settling Velocity (mm/s)

1.49

2.59

3.72

2.15

1.80

1.94

Standard Deviation (n=10)

0.78

1.01

1.14

1.38

0.38

0.47

Based on the observed particle size distributions, settling velocities were expected
to be in the middle of the reported range for mixed grit; however, all measurements fell
within the lower third of the expected range, which could potentially be attributed to nonFOG organic coatings, i.e., bacterial biofilms and exopolymer strands. Further evaluation
of the classes of organic compounds which comprise the TOC could provide additional
information about the factors influencing buoyancy of the particles, e.g., bacterial
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exopolymer strands or other voluminous growths could increase surface area to volume
ratio of the individual particles, thus increasing their drag. Other factors which could
reduce settling velocity, include particle makeup and viscosity of the influent.
Summary
A 12-months study was completed to characterize physical attributes of grit
entering ACUA WWTP. Plant influent and samples from the three main pumping
stations were evaluated in terms of particle size distributions, TSS concentrations, TOC
content, FOG coating, and particulate matter settling velocity. Measured parameters were
used to assess seasonal variability in grit composition and properties, to evaluate the
effect of changes in grit composition on its settling, and to investigate potential source
areas of enhanced grit input.
Outcomes of this study are as follows:
•

The majority of the particles (34.7%) were in the sand size range, with

fine sand (diameter of 75 – 200 μm) fraction being slightly more prevalent overall. These
results indicate that a traditional grit removal system designed for particles 200 μm in
diameter is not appropriate for the study site.
•

Additional sand loads resulting from stormwater intrusion were not

evaluated in this study. However, they should be included in the grit removal system
design.
•

TSS concentrations and their TOC fractions were similar to the values

reported at other WWTPs.
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•

FOG comprised 2 – 34% of the TOC with majority of the measurements

below 20% of the TOC. The maximum settling velocity for mixed grit particles recorded
at 3.72 mm/s was low relative to published ranges and was not affected by changes in
FOG concentration, indicating that FOG coating does not influence settling of the grit at
the study site.
•

Significant seasonal variability was observed in the measured parameters.

Influent collected in the summer months contained more grit overall, which had higher
fraction of coarse particles and lower TOC content relative to the winter period,
indicating enhanced sand input.
•

Influent originating from the coastal area appears to contain more sand in

the summer month, thus, coastal areas can be viewed as a potential source area of
enhanced grit input, which can be mitigated by implementation of a small-scale grit
removal systems at the pumping stations located there.
The results reported in this paper indicate that implementation of facility-specific
grit removal solutions is feasible and necessary to ensure effective operation, which
preserves existing and future resources by reducing costs associated with repairs of
damages caused by grit and by eliminating risk to the modern technologies which require
improved preliminary and primary treatments.
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Chapter 4
Evaluation of Potential Grit Transport Through the Wastewater Treatment Stages
Introduction
Grit removal is usually included as part of the preliminary treatment stage at
WWTPs. When properly designed and operated, grit removal systems eliminate the
majority of the inorganic grit particles from the influent, while allowing degradable
organic particles to pass on to the primary treatment stage [5]. When grit is not removed
from the influent, or when the removal process is inefficient, downstream treatment units
are exposed to excessive wear resulting from the abrasive nature of grit particles [28],
[29] and to the gradual reduction in treatment capacity due to the accumulation of grit in
the tanks and distribution channels [26], [27].
The ACUA WWTP does not have a grit removal system, and historically had
recorded downstream grit issues under normal flow conditions. These issues include
damage to pumps, pipes, and sludge dewatering centrifuges. Additionally, peak storm
events bring grit loads significantly larger than the loads experienced under the normal
flow conditions. These loads include the material that washes off the streets into
manhole covers, as well as the grit in the plant’s collection network, which settles out
under normal flow conditions. This increase in grit loading forces plant operators to
divert the flow to a lined retention basin onsite during storm events. In addition to the
increased operational cost associated with the flow diversion, this practice is not
sustainable due to the limited capacity of the retention basin and no alternatives available
to prevent grit from entering the plant. While peak grit loading due to the enhanced input
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brought on by storms may not be possible to investigate due to the sporadic nature of
these events, characterization of grit transport through the plant under normal conditions
is necessary to design a grit removal system that is capable of handling these normal
loads, in order to ensure the efficiency of the preliminary treatment stage and to provide a
basis for a conservative estimation of the potential peak loads.
Study Objectives
The aims of this study were: (1) to investigate the efficiency of grit removal in
primary treatment; (2) to evaluate the effect of changes in the influent grit composition on
its removal; (3) to investigate potential grit transfer to the secondary treatment stage; and
(4) to establish the most important parameters for the grit removal system design at the
ACUA WWTP.
Materials and Methods
Sample Collection and Preservation
Liquid grab samples were collected once a month over a period of one calendar
year between September 2020 and August 2021 from the plant’s headworks and all plant
process stages as shown in Fig. 9, where red circles indicate locations of the monthly
sample collection. The plant samples included: (1) influent after it has passed through the
coarse bar screens, (2) primary clarifier overflow, (3) primary sludge from the bottom of
the primary clarifiers, (4) mixed contents of the aeration tanks, (5) return activated sludge
(RAS), (6) secondary clarifier overflow, and (7) effluent. Samples were collected at a
volume of 1 L using different equipment: existing pumps for influent, aeration basins,
RAS, and effluent samples; a polypropylene dipper sampler for clarifier overflows; and a
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sludge judge sampler system for primary sludge, as summarized in Table 4. All samples
were placed on ice and transported to the laboratory for analyses.

Figure 9
Schematic of the ACUA WWTP Treatment Process

Table 4
Sample Volumes and Collection Methods Summary
Sampling Location

Volume Collected, L

Sampling Method

Influent
Primary Overflow
Primary Sludge
Aeration Basin
RAS
Secondary Overflow
Effluent

1
1
1
1
1
1
1

Existing pump
Dipper sampler
Sludge judge
Existing pump
Existing pump
Dipper sampler
Existing pump
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Laboratory Analyses
All samples were analyzed for the TSS, TOC, and FOG content following the
procedures described in Chapter 3, with the exception of different sample volumes loaded
on each filter for filtration based on sample type. Sample volumes for all sample types
were established experimentally at the beginning of the sampling period by passing
sufficient volumes of the sample through the filter to achieve clogging, in order to allow
for maximum solids load. The following volumes were used: 50 mL for influent and
primary overflow samples, 20 mL for the aeration basin sample, 10 mL for primary
sludge and RAS samples, and 200 mL for secondary overflow and effluent samples.
Results and Discussion
As discussed in Chapter 3, grit composition in the influent is not uniform and
changes significantly throughout the year, which can potentially affect its transport to
downstream treatment units. In this study, the evidence of such transport has been
observed, as discussed below.
Total Suspended Solids and Total Organic Carbon
Results of the TSS and TOC evaluation of the samples collected from different
treatment process stages are summarized in Table 5 and presented graphically in Figs. 10
and 11. Inorganic fraction of the TSS for the plant samples is presented graphically in
Figs. 12 and 13.
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Table 5
Cumulative Results of TSS Concentration Evaluation and its Constituent TOC Fraction in the Plant Influent and Main Processing
Stage Units Over the Period of 12 Months
Sampling
Location
Influent

Parameter,
Unit
TSS, mg/L
TOC, %TSS
TSS, mg/L
TOC, %TSS
TSS, mg/L

Sep.
n=3
134.67 ± 1.15

Oct.
n=3
80.67 ± 6.11

Sampling Period
Nov.
Dec.
n=3
n=3
102.70 ± 3.06 134.00 ± 6.00
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58.43 ± 2.20
47.93 ± 5.04
88.98 ± 2.81
94.09 ± 4.45
Primary
65.00 ± 8.89
62.00 ± 3.46
54.00 ± .00
44.00 ± 4.00
Overflow
59.66 ± 9.32
52.73 ± 1.05
87.65 ± 4.28 102.65 ± 8.83
Primary
11,076.67 ±
5,226.67 ±
8,780.00 ±
4,380.00 ±
Sludge
1,055.67
273.01
478.23
658.26
TOC, %TSS
64.70 ± 2.45
46.70 ± .43
67.95 ± .10
84.72 ± .85
Aeration
TSS, mg/L
1,963.33 ±
2,121.67 ±
416.70 ± 5.77
1,690.00 ±
Basin
42.52
127.41
109.66
TOC, %TSS
62.02 ± 2.31
59.39 ± .31
81.58 ± 2.09
85.02 ± .75
RAS
TSS, mg/L
6,393.33 ±
4,673.33 ±
5,916.70 ±
9,393.30 ±
276.10
41.63
181.75
947.07
TOC, %TSS
58.94 ± .94
60.63 ± .74
78.31 ± .96
84.22 ± .11
Secondary TSS, mg/L
10.67 ± 1.04
20.50 ± .00
8.00 ± .87
11.80 ± 2.75
Overflow TOC, %TSS
53.97 ± 12.94 38.21 ± 1.41 43.33 ± 41.77 75.54 ± 16.38
Effluent
TSS, mg/L
10.00 ± .87
31.33 ± 3.55
8.50 ± .87
10.33 ± 3.69
TOC, %TSS
24.87 ± 3.30
45.84 ± 1.26
.00 ± .00
91.99 ± 18.59
Notes: n = number of replicates. Mean value of the three replicates ± 1 standard deviation

Jan.
n=3
259.33 ± 34.02
84.52 ± .74
88.00 ± 3.46
78.73 ± 2.20
6,263.33 ±
171.56
84.51 ± .20
1,858.33 ±
20.82
74.07 ± 14.12
6,286.67 ±
202.07
82.87 ± .15
7.17 ± 1.04
47.78 ± 13.47
6.17 ± .29
77.99 ± 13.08

Feb.
n=3
126.00 ±
11.14
91.10 ± 1.69
54.00 ± .00
90.12 ± 5.66
7,983.30 ±
399.54
84.64 ± .16
2,331.70 ±
123.32
80.96 ± .83
7,180.00 ±
370.00
80.54 ± .17
16.20 ± 1.61
86.59 ± 3.52
11.70 ± 1.53
87.59 ± 9.68

49

Sampling Period
Sampling Parameter,
Mar.
Apr.
May.
Jun.
Location Unit
n=3
n=3
n=3
n=3
Influent
TSS, mg/L
110.00 ±
141.33 ±
188.67 ±
156.67 ±
19.29
16.17
8.08
6.11
TOC, %TSS 75.25 ± 8.34
82.64 ± 3.26
89.49 ± 3.34
87.22 ± .50
Primary
TSS, mg/L
68.67 ± 5.77
69.33 ± 6.11
54.00 ± 5.29 71.33 ± 6.43
Overflow TOC, %TSS 90.14 ± 6.15
68.33 ± 3.59
89.25 ± 5.71 81.63 ± 5.61
Primary
TSS, mg/L
8,026.70 ±
8,910.00 ±
10,630.00 ±
6,213.33 ±
Sludge
336.50
652.76
919.84
167.43
TOC, %TSS
84.36 ± .85
73.13 ± 1.16
81.95 ± .34
83.48 ± .40
Aeration
TSS, mg/L
2,191.70 ±
1,896.67 ±
1,241.67 ±
1,071.67 ±
Basin
166.23
135.12
15.28
7.64
TOC, %TSS
82.06 ± .49
72.91 ± 3.60
80.25 ± 2.66 82.89 ± 1.13
RAS
TSS, mg/L
4,853.30 ±
8,346.67 ±
483.33 ±
5,483.33 ±
124.23
276.47
66.58
553.65
TOC, %TSS
82.34 ± .71
76.60 ± .56
68.74 ± 2.76 84.88 ± 1.06
Secondary TSS, mg/L
5.30 ± 1.26
13.00 ± 8.23
8.00 ± .87
21.33 ± 1.04
Overflow TOC, %TSS
123.69 ±
50.92 ± 21.98
64.15 ±
69.63 ± 3.29
12.04
21.46
Effluent
TSS, mg/L
6.80 ± 2.47
18.67 ± 3.40
8.50 ± 1.32
17.00 ± 1.32
TOC, %TSS
96.08 ±
60.55 ± 9.20
68.06 ±
59.75 ± 2.69
14.23
16.55
Notes: n = number of replicates. Mean value of the three replicates ± 1 standard deviation

Jul.
n=3
249.33 ±
35.91
84.51 ± 2.16
84.00 ± 12.17
76.08 ± 5.47
11,450.00 ±
1,596.15
51.82 ± 4.42
1,538.33 ±
37.53
77.80 ± .60
4,450.00 ±
535.07
78.76 ± .75
8.50 ± 1.00
43.32 ± 2.94

Aug.
n=3
126.67 ±
3.06
59.96 ± .50
78.00 ± 2.00
47.05 ± 5.61
4,500.00 ±
345.98
67.89 ± .40
1,553.33 ±
58.59
59.97 ± 1.13
5,750.00 ±
348.71
64.22 ± 1.06
14.83 ± 1.04
35.86 ± 3.29

8.67 ± 1.04
45.69 ± 6.41

17.17 ± 2.57
36.59 ± 2.69

Figure 10
TSS Concentrations with TOC Fraction in the Plant Influent, Primary Overflow,
Secondary Overflow, and Effluent Over the Period of 12 Months
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Figure 11
TSS Concentrations with TOC Fraction in the Primary Sludge, Aeration Basins, and RAS
Over the Period of 12 Months
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Figure 12
Inorganic SS Concentrations in the Plant Influent, Primary Overflow, Secondary
Overflow, and Effluent Over the Period of 12 Months
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Figure 13
Inorganic SS Concentrations in the Primary Sludge, Aeration Basins, and RAS Over the
Period of 12 Months
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Plant Influent
Plant influent TSS and TOC concentrations are discussed in terms of potential
sources in Chapter 3. This section evaluates the same parameters in terms of the potential
TSS transfer from the headworks to the downstream treatment units. TSS concentrations
in the plant influent were generally between 100 and 150 mg/L, similar to the values
reported in other studies [41], [42], with the lowest value of 80.67 ± 6.11 mg/L and the
highest value of 259.33 ± 34.02 mg/L measured in October and January, respectively.
Overall, the plant influent TSS concentrations were relatively lower in the fall and winter
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months, with the exception of the sample collected in January. The most likely reason
for the high TSS concentration in the January plant influent sample is the solids input
from the Coastal South pumping station, which also had the highest TSS concentration in
January, as discussed in Chapter 3. No precipitation events occurred two days up to and
including the sampling date; therefore, TSS input from storms in that time period can be
ruled out.
TOC fraction of the plant influent TSS tended to be lower in the beginning of the
sampling period during September and October and at the end of sampling in August,
suggesting a cyclical nature of the changes in the TSS composition. During these
months, TOC concentrations in the plant influent were below 60% of the TSS. A sharp
increase in TOC fraction was observed in November, when it reached 88.98 ± 2.81% of
the TSS and remained relatively stable at levels near 90% of the TSS until a sharp
decrease in August. Concentrations of the inorganic fraction of the TSS are shown in
Fig. 8. Similar to the TSS, concentration of the inorganic SS was the lowest in the
November, December, and February samples, with the January sample result being one
of the highest values.
Primary Clarifiers and Primary Sludge
Since the ACUA WWTP does not have a grit removal system in place, the
majority of suspended particles are expected to settle out in the primary clarifiers.
Traditional primary clarifiers rely on solids settleability and are usually designed to
remove 90% to 95% of settleable solids and approximately 60% of the TSS [49];
however, in the past, the design of the primary treatment stage has been done empirically,
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and, thus, it may not be appropriate to assume that the 60% removal efficiency is
regularly attained [50]. The results in Table 3 and Fig. 6 show that the primary treatment
stage at the ACUA WWTP removes between 23% and 71% of the TSS, with the higher
removal efficiencies recorded for the samples with higher relative TOC fractions.
Removal of the inorganic SS in the primary treatment stage varied widely between 11%
recorded in April and 100% recorded in December, seemingly independent from the
inorganic SS concentration in the plant influent. These rates were evaluated in terms of
the particle size distribution in the plant influent, presented in Chapter 3, under the
assumption that samples with a higher fraction of particles between 75 μm and 150 μm in
diameter would retain relatively higher TSS and inorganic TSS after primary treatment.
The September sample had the highest relative fraction of the finest material of near
30%. The difference in TSS and inorganic SS between the plant influent and primary
overflow samples presented a near 50% reduction for both parameters (51.7% and 54.2%,
respectively). Samples collected in October, May, and August had relative fractions of
finest material of 23.3%, 25.4%, and 25.4%, respectively. The TSS (inorganic SS)
concentrations were as follows: 80.67 (42.00) mg/L in October, 188.67 (20.00) mg/L in
May, and 126.67 (50.67) mg/L in August. The relative reductions in TSS / inorganic SS
were as follows: 23.1% / 30.2% in October, 71.4% / 70.0% in May, and 38.4% / 18.4% in
August. In contrast, sample collected in June did not have a measurable amount of
particles in the 75 – 150 μm size range and contained 156.67 (20.00) mg/L TSS
(inorganic SS). The relative reductions in TSS / inorganic SS in the June sample were
54.5% / 33.3%. These results indicate that solid particles size distribution alone, or in
54

conjunction with the organic/inorganic fraction determination, cannot be effectively used
to predict the removal of the solids through settling, which carries an important
implication for a grit removal system design. It is also important to note that while
relative reductions in TSS concentrations between plant influent and primary overflow
samples varied widely, the absolute concentrations of TSS in primary overflow was
relatively stable throughout the year, potentially indicating that the settleable solids
content in plant influent does not vary significantly throughout the year, if the 90 – 95%
removal efficiency through primary treatment [49] can be assumed.
All material settled during the primary treatment stage collects at the bottom of
the primary clarifiers as primary sludge and is presumed to be the main location of grit
accumulation at the ACUA WWTP. The TSS content with its organic fraction is shown
in Fig. 7. Since TSS concentrations in the primary overflow do not change significantly
throughout the year, it is reasonable to hypothesize that TSS concentrations in primary
sludge reflect those in the plant influent. Comparison of TSS concentrations in the plant
influent and primary sludge (Figs 6 and 7) generally supports this hypothesis with the
exception of samples collected in December and January, where TSS concentrations in
the primary sludge were lower than expected based on the solids load in the plant
influent.
Aeration Basins and RAS
The overflow from primary clarifiers is routed into the aeration basins, where the
majority of the TOC is removed via aerobic biodegradation. At the aeration basins,
primary overflow is mixed with the microorganism-rich RAS, and the mixture is then
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aerated to promote microbial growth and consumption of TOC [51]. Because the
aeration basins contain a mixture of the primary overflow with RAS, and this mixture is
biologically active with constantly changing TOC concentrations, its TSS concentration
cannot be correlated with the plant influent or primary overflow. The TSS concentration
in RAS also cannot be correlated with the plant influent or primary overflow since RAS
is recycled between the aeration basins and secondary clarifiers. However, for this study,
inorganic SS concentrations shown in Fig. 9 can provide an overview of the amount of
potential grit that circulates between secondary treatment units. The inorganic SS
concentrations in the aeration basins varied widely throughout the year with the lowest
concentration of 76.67 ± 7.64 mg/L measured in November and the highest concentration
of 861.67 ± 53.46 mg/L measured in October. While particle size distribution analysis
was not performed on the aeration basins and RAS samples, visual inspection of the ash
residue remaining on the filters after the loss-on-ignition tests confirmed absence of
discrete particles equivalent in size to fine sand (125 – 250 μm); however, presence of
smaller grit particles could not be ruled out.
Secondary Overflow and Effluent
The secondary overflow samples were evaluated in terms of differences in TSS
concentrations between the plant influent, primary treatment, and secondary treatment
samples, which were expressed as solids removal efficiencies. The results in Table 3 and
Fig. 6 show that overall TSS concentrations in the secondary overflow were low with
values spanning the range between 5.33 ± 1.26 mg/L and 21.33 ± 1.04 mg/L, with
variable fraction of TOC. No relationship was identified between the TSS of the sample
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and its TOC fraction, which implies that organic coatings are not likely to be the reason
for the particle transport through all treatment stages. Overall, the secondary overflow
samples contained 66.9% to 92.2% less TSS than the corresponding primary overflow
samples, indicating that the majority of particular material that enters secondary treatment
units is removed in the process. Relative to the TSS concentrations in the plant influent,
overall TSS removal efficiency ranged between 74.6% and 97.2%, with only one
measurement (74.6%, recorded in October) falling below 86%. Relatively low removal
rates for October samples were also observed in the primary treatment; however, these
low removal rates cannot be attributed to the particle size distribution or TOC fraction of
the samples.
The inorganic SS concentrations in the secondary overflow samples were very
low, ranging from 0 mg/L to 13 ± 0.29 mg/L. No particles were observed in the ash
residue remaining on the filters following the loss-on-ignition test, indicating the likely
absence of matter which can be defined as grit.
TSS and inorganic SS concentrations in the effluent samples were similar to the
secondary overflow. Since the presence of grit in these two sample types can be ruled
out, the data can be used to evaluate the overall performance of the wastewater treatment
process; however, such evaluation is outside of the scope of this study.
Fats, Oils, and Grease
Plant influent FOG concentrations are discussed in terms of potential sources in
Chapter 3. This section evaluates FOG in terms of its potential influence on the TSS
transfer from the plant headworks to the downstream treatment units due to the potential
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increase in buoyancy via the addition of coatings with low specific gravity [18]. As
discussed in Chapter 3, overall, FOG concentrations measured in the plant influent were
relatively low, ranging between 4.00 ± 2.00 mg/L and 28.67 ± 8.33 mg/L. These values
were significantly lower than some of the concentrations reported in the literature (57 ±
11 mg/L in [44] and 50 – 150 mg/L in [45]). Total FOG concentrations were the lowest
(4.00 ± 2.00 mg/L to 7.33 ± 0.00 mg/L) between September and December, and were
higher (most measurements above 16 mg/L) during the remainder of the sampling period.
Due to the overall low concentrations of FOG in the plant influent, evaluation of FOG as
a fraction of TOC provides a better view of its potential effect on particles transport
through the treatment stages as presented graphically in Fig. 14. Overall, the FOG
fraction of TOC in the plant influent was relatively stable at near 20% throughout the
sampling period; however, significant increases in the FOG fraction were observed in the
primary and secondary treatment units in the warmer months (March through August).
Since the FOG analysis is not compound-specific, the observed increases in the FOG
fraction of TOC as wastewater moves through the treatment stages may be attributable to
enhanced biodegradation rates, which result in the biological production of lipids and
lipid derivatives, i.e., humic acids [52]. Considering the decrease of the TOC through the
treatment stages, FOG influence on the transport of particles through these stages is
unlikely.
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Figure 14
FOG Concentrations as Fraction of TOC in the Plant Influent and Main Treatment
Stages Over the Period of 12 Months
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Mass Balance of Solids Transfer Through the Treatment Stages
TSS and inorganic SS values presented in the subsections above were averaged
for the 12-months period and the resulting values were used to perform a simple mass
balance calculations of the TSS and Inert Solids (IS) contents at each treatment stage. For
the purposes of this evaluation, all IS is assumed to be potential grit. The results of the
mass balance calculations are presented graphically on Fig. 15. All values shown are
59

concentrations in mg/L. Average flow values were not available at the time of this
analysis. The flow values would allow the concentrations to be converted into the actual
mass values for a more accurate representation of the conditions at the ACUA WWTP.

Figure 15
TSS and IS Concentrations Input and Loss at Treatment Process Stages

Fig. 15 shows that both primary and secondary clarifiers contain a large fraction
of TSS as grit. The grit that settles out in the primary clarifiers (28% of TSS) is mixed
with other settled materials in the primary sludge. Sludge gets dewatered prior to
incineration, and dewatering centrifuges often sustain damages due to the abrasive nature
of grit particles. In addition to damaging mechanical equipment, grit causes further issues
in the sludge handling process due to its volume. While some volume of IS is important
for sludge handling, too much of it adds unnecessary bulk which leads to increased
energy demand for sludge incineration and results in the increased volumes of ash for
disposal.
60

Grit that is not settled out in the primary clarifiers is transported to the aeration
basins, which impacts their performance due to the reduction of treatment capacity and
increases in energy demands for pumping and aeration. Aeration basins contain about
26% of TSS as grit. From the aeration basins, grit is transported to the secondary
clarifiers, where most of it settles out and gets mixed with the RAS. The RAS with grit
(24% of TSS) is then added back to the aeration basins, further impacting their
performance. The excess of RAS is mixed with primary sludge, where presence of grit
leads to the issues discussed above. Overall, it is evident that a significant fraction of grit
(near 30% of the TSS) is being transferred through the treatment process stages of the
ACUA WWTP.
Summary
A 12-month study was completed to evaluate the potential transport of grit
through the treatment stages at the ACUA WWTP. Plant influent, effluent, and samples
from primary (primary clarifiers overflow and primary sludge) and secondary treatment
(aeration basins, RAS, and secondary clarifiers overflow) stages were evaluated in terms
of TSS concentrations and TOC content, including potential FOG coating. Measured
parameters were used to assess the removal efficiencies of the treatment stages and to
identify potential factors inhibiting these efficiencies.
Outcomes of this study are as follows:
•

In the absence of a grit removal system in the preliminary treatment stage,

a significant fraction of suspended solids is removed in the primary clarifiers. Primary
treatment at the ACUA WWTP removes between 23% and 71% of the TSS, with the
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higher removal efficiencies recorded for the samples with higher relative TOC fraction.
Removal of the inorganic SS in the primary treatment stage varied widely between 11%
recorded in April and 100% recorded in December, independent from the inorganic SS
concentration in the plant influent.
•

Primary sludge is the main repository of the grit particles. While RAS

contained significant amount of inorganic particles, no sand was noted in any of the RAS
samples. The TSS in the secondary treatment units (aeration basins and secondary
clarifiers) is likely to be composed of fine particles.
•

Secondary treatment removes 67 – 92% of the TSS entering from the

primary treatment. Overall, TSS concentrations reductions as resulting from all treatment
stages are between 74.6% and 97.2%.
•

FOG comprised 5 – 21% of the TOC in the plant influent, and its relative

fraction increased through the treatment stages. Overall low concentrations indicate that
FOG is not a major contributing factor to solid particles transport through the treatment
stages.
•

Significant seasonal variability was observed in the measured parameters

in the plant influent; however, this variability was not reflected in the solid particles
transfer through the treatment stages.
•

A significant amount of grit is being transported through the treatment

stages, presenting risk to the downstream treatment units. Communications with the
ACUA operators and management confirmed that virtually every component of the
treatment process have experienced damages by grit at some point of their service life.
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The results reported in this study indicate that ACUA WWTP would gain a
significant benefit from implementation of a grit removal system and that the design of
such system should focus primarily on inorganic SS concentrations and particle size
distributions in the plant influent to ensure that the system can remove fine grit particles.
The focus on the fine grit removal will also allow for the implementation of a tertiary
treatment stage in the future should the ACUA WWTP consider it necessary.
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Chapter 5
Implementation of a Grit Removal System at the ACUA WWTP – Feasibility Study
Introduction
The results presented in the preceding chapters provide a baseline estimate of the
grit loads at the ACUA WWTP under normal flow conditions. In this case, “normal
flow” is defined as the total volume of influent received by the plant from the entire
collection network on a given day. It is important to differentiate the normal flow
conditions from the peak flow events, when the plant experiences increased grit loads
associated with the wash-off from roadways intruding into the collection system through
flooded manholes during significant storm events. Peak flow events were not evaluated
in this study, and the final design of the preferred alternative should include conservative
assumptions about the additional grit loads brought on by storms, which are outside the
scope of this study.
The purpose of this feasibility study was to evaluate commonly used existing grit
removal technologies such that an appropriate alternative may be selected for the ACUA
WWTP, which currently does not have a grit removal system in place. Four alternatives
are discussed in the subsequent sections of this feasibility study.
The principal components of this Feasibility Study include the following:
•

Brief description and background of the existing facilities (Chapter 1

includes expanded site description),
•

Design criteria for the headworks facility upgrade,

•

Description and evaluation of grit removal technologies,
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•

Description and evaluation of four design alternatives, including the

baseline “No Action” approach, and
•

Comparative analysis of the four design alternatives and selection of a

preferred design alternative.
Background
The ACUA WWTP was constructed in the late 1970’s and has been operational
since 1978. The existing headworks facility was part of the original design and is located
on the southern edge of the property (Fig. 16). Influent from 14 participating
communities enters the headworks through the influent force main system (Fig. 17).
Influent flows up to 40 MGD pass through the fully automated bar screens. Screened
influent enters the primary distribution box, from which it is gravity-fed into the primary
clarifiers. The existing headworks does not have a designated grit removal system, and
solids (organic and inorganic) are settled in the primary clarifiers. Primary sludge is not
screened for grit removal prior to dewatering and incineration in the onsite furnace.
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Figure 16
Plan View of the ACUA WWTP Layout with Main Treatment Process Stages Identified
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Figure 17
Hydraulic Profile of the ACUA WWTP (provided by ACUA, 2019)
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Design Criteria and Assumptions
Flow
The existing headworks facility is assumed to remain in place and no alterations
to the design flows are anticipated. Thus, the average dry weather flow rate of 40 MGD
is used in the analysis of grit removal system alternatives.
Grit Removal
The results of this 12-months long grit evaluation study have led to the following
assumptions about the grit composition and properties at the ACUA WWTP:
•

Up to 50% of the grit particles are less than 150 μm in diameter.

•

Up to 300 mg/L of TSS and up to 56 mg/L of inorganic grit can be present in the
plant influent at any time. These values can be expressed as daily loads based on
the 40 MGD flow capacity to 45,425 kg of TSS and 8,480 kg of inorganic grit per
day.

•

Settling velocity of the grit particles is below 4 mm/s.
Standard design criterion for the efficiency of grit removal is 95% of target

particles [1]. Therefore, the proposed alternatives must be capable of removing 95% of
particles 75 μm or larger.
Site Constraints
The ACUA WWTP is located on the west side of Absecon Island and is
surrounded by marshlands. Considering the 0.2 inches per year projected sea level rise in
the area [53] and ACUA’s plan to build a seawall around the facility [54], the outward
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land expansion is not feasible. Therefore, the grit removal system must be retrofitted into
the existing plant layout.
Grit Removal Technology Alternatives
This section identifies and screens grit removal process options that are
potentially suitable for implementation at the ACUA WWTP. Numerous technologies
are available and can be separated into four broad categories:
1.

Horizontal flow chambers (rectangular or square configuration),

2.

Aerated grit chambers,

3.

Vortex-type grit removal systems (forced vortex or free vortex, including

plate settling), and
4.

Hydrocyclones.

Initial Alternatives Screening
Initially, all four grit removal technology categories were considered. Horizontal
flow chambers are operated by maintaining flow velocity of typically 0.3 m/s through a
long and narrow settling channel. Where square chambers are used, the influent is
distributed over the cross section of the tank and flows in a straight line to a discharge
weir. The main advantages of this technology is the relative simplicity of its design;
however, considering the low settling velocity measured for the particles in the plant
influent, the traditional design standards cannot be applied at the ACUA WWTP,
resulting in an excessively large structure [2]. Additional disadvantages include
difficulties in maintaining the constant flow necessary for efficient grit removal [1].
Therefore, the horizontal flow chambers category was eliminated during the preliminary
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screening due to the excessive space requirements and inability to handle varying flows.
The remaining three categories were evaluated further, as described in the following
subsections.
Aerated Grit Chambers
Aerated grit chambers have been successfully used in the U.S. and abroad for
decades [55], and their design criteria are well-established [2]. Nevertheless, the design
of aerated grit chambers varies widely, mostly based on conventional shapes, and the
relationship among the design factors is not well understood [56]. The work principle is
the same for all aerated grit units – the process generates a helicoid (spiral) flow about a
longitudinal axis in the tank by introducing air along one side of the tank using air jets or
diffusers (Fig. 18). Heavier grit particles within the flow accelerate and diverge from the
streamlines, and eventually settle at the bottom of the tank, while lighter organic particles
remain suspended and discharged over the effluent weir. Advantages and disadvantages
of the aerated grit chambers are summarized in Table 6.
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Figure 18
Helical Flow Pattern in an Aerated Grit Chamber [2]

Table 6
Aerated Grit Chamber Advantages and Disadvantages
•
•
•
•

Advantages
Widely used technology
Highly adaptable design, including
straight wall construction
Aeration can aid in organic matter
oxidation
Can be used for oil and grease
separation

•
•
•
•
•
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Disadvantages
May not be effective for particles
under 150 μm in diameter
High energy requirements
High maintenance cost
Air diffusers may clog,
diminishing efficiency
Generates odors, potentially
harmful volatile organic
compounds, and methane

Based on the typical process design criteria for aerated grit chambers [2], the
ACUA WWTP would require two tanks with the following estimated dimensions for
each tank (width / length / side water depth): 20 ft wide by 40 ft long by 12 ft deep. Two
tanks are necessary to divert the flow to conduct maintenance, repairs, or cleaning. This
dimensional estimate was developed to evaluate the feasibility of this technology in terms
of site constraints and can be used for preliminary evaluation only. The tanks might to be
covered to mitigate odors and can be constructed either below or above ground, if
sufficient influent pumping capacity is achieved at the headworks facility. Additional
parameters, including air supply rate, air jets or diffusers configuration, overflow rate,
and hydraulic detention time shall be calculated in the preliminary and final design if
aeration grit chamber is chosen for implementation at the ACUA WWTP. Besides
standard configuration parameters, a grit evacuation system (e.g., grit screw classifier and
conveyor) shall be incorporated in the preliminary and final design.
Vortex-Type Grit Removal System
Vortex-type grit removal systems have been used widely since the 1980’s [55].
The work principle is the same for all vortex-type units – the process generates a vortex
flow about a vertical axis in a conical or cylindrical tank. The vortex flow can be
generated using mechanical means (e.g., rotating turbines), as shown in Fig. 19, or by
introducing the flow tangentially at the top of the unit (Fig. 20). These two general
system types are referred to as forced-vortex and free vortex systems, respectively. Grit
particles settle to the bottom of the tank into a grit hopper due to centrifugal and
gravitational forces, while lighter organic particles (including those separated from the
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grit) remain suspended and exit the system with the effluent. Design of vortex-type
systems must consider velocities of inflow, outflow, underflow, overflow, shape and size
of the tanks, and rotation regime of the turbine [1]. Advantages and disadvantages of
vortex-type systems are summarized in Table 7.

Figure 19
Forced-Vortex Grit Chamber Schematic. Pista system by Smith & Loveless is Shown [2]
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Figure 20
Free Vortex Grit Chamber Schematic. Teacup System by Eutek is Shown [2]

Table 7
Vortex-Type Grit Removal System Advantages and Disadvantages
•
•
•

Advantages
Widely used technology
High efficiency in removal of
particles in a wide size range
No energy requirements for free
vortex type tanks

•
•
•
•
•
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Disadvantages
Tight tolerance for construction
variance
Effective only within certain flow
regime
Multiple units are usually required
to handle flow variances
Difficult to modify once
constructed
High maintenance cost for forcedvortex units

Headloss in the vortex-type units is a function of the design particle size, and it
increases significantly for very fine particles. Therefore, based on the typical process
design criteria for vortex-type grit systems [2], the ACUA WWTP would require multiple
tanks, each sized to handle peak flowrates of up to 7 MGD. Installation of multiple
vortex-type units is presumed to require a substantial monetary investment, as well as
significant modification of the headworks facility, in order to achieve proper flow
distribution to the multiple units. Thus, traditional vortex-type system might not be an
appropriate alternative for the ACUA WWTP.
In recent years, the free vortex stacked tray system has emerged as one of the
most efficient grit removal systems, especially for facilities where fine grit is a concern.
Multiple reports have been published by Hydro International, the manufacturer of the
proprietary system HeadCell, about its efficiency in the removal of fine grit particles
[57], [58], [59]; however, no peer-reviewed publications were available in the literature at
the time of this study. Nevertheless, the stacked tray systems have been installed at
multiple WWTPs throughout the U.S., and no information diminishing the
manufacturer’s claims of its efficiency were found. The stacked tray system is an all
hydraulic grit concentrator, which uses vortex flow to settle grit particles over a stack of
funnel shaped trays, which increases the surface area, while minimizing settling
distances. A typical HeadCell arrangement is shown on Fig. 21.
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Figure 21
HeadCell Flow Pattern (Courtesy of Hydro International)

HeadCell is a proprietary technology, and preliminary design considerations are
difficult to estimate with any degree of certainty. Therefore, published design
specifications applicable to similar WWTPs (Sims Bayou South WWTP in TX and Piqua
WWTP in OH) were used to estimate the system dimensions. At the ACUA WWTP, the
grit removal system would consist of two units. Each unit would have 12 settling plates,
12-ft in diameter with a 31.7 MGD treatment capacity. The system would be capable of
removing 95% of all grit with diameter 75 μm and larger. Grit slurry collected at the
bottom of the units would need to be pumped to a grit washer/classifier, which is not
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included in this feasibility study, as the same grit processing technology can be used with
various grit removal systems.
Hydrocyclone
Hydrocyclone is a free vortex system, which is typically used to remove grit from
primary sludge [60]. Hydrocyclones are sometimes used to remove grit from wastewater
if sufficient head (12 to 30 ft) can be maintained [1]. Hydrocyclones are compact
systems and are not feasible for application as a facility-scale grit removal system;
however, they can be installed at the pumping stations within the collection network to
remove sand from the influent before it reaches the headworks of the facility. The
principal features of a hydrocyclone are shown in Fig. 22. System advantages and
disadvantages are summarized in Table 8.
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Figure 22
Principal Features of a Hydrocyclone [61]

Table 8
Hydrocyclone In-Line Grit Removal System Advantages and Disadvantages
•
•

•
•

Advantages
Compact design
Can accommodate high flow rates
while achieving 50% removal
efficiencies for particles 10 μm in
diameter
No energy requirements
No extensive construction required

•
•
•
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Disadvantages
High maintenance costs due to
manual grit removal
Not commonly used for
wastewater preliminary treatment
Long lead times in discovering
process issues due to remoteness
of the units

As discussed in Chapter 3, coastal pumping stations may be sources of increased
sand input at the ACUA WWTP. Hydrocyclone units installed at the individual pumping
stations could potentially remove sand from the influent before it reaches the headworks
of the plant.
Detailed Analysis of Grit Removal Alternatives
This analysis evaluated grit removal technology options retained from the initial
preliminary screening stage and was based on three criteria: effectiveness,
implementability, and cost. This evaluation focused on effectiveness factors and
technological implementability with less emphasis on cost evaluation. This initial
screening analysis evaluated the feasibility of each technology as it relates to site
characteristics, influent grit characteristics and concentrations (effectiveness),
implementability, known past performance, and relative cost. No dollar value was
assigned to costs, as detailed estimates were outside of the scope of this study. Instead,
the alternatives are evaluated in terms of relative costs from most expensive to least
expensive.
Alternative 1 – No Action
The No Action Alternative is intended to serve as a baseline by which to compare
the performance of other potential alternatives. In this alternative, no grit removal system
will be implemented. All current efforts undertaken by the ACUA WWTP to mitigate
damage to the assets by grit are to remain the same.
Effectiveness – Alternative 1 is the least effective alternative, as grit will not be
removed at the plant.
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Implementability – Alternative 1 is the easiest to implement as it does not require
any changes to the facility operations or input from stakeholders.
Cost – Alternative 1 does not require an upfront investment in order to be
implemented; therefore, it is the least expensive option to implement. However, the
operation and maintenance (O&M) costs include more frequent maintenance and repairs
of damaged equipment and collection pipes, and thus, are the highest among the four
alternatives.
Alternative 2 – Installation of Aerated Grit Chambers
Under this alternative, a pair of aerated grit chambers will be installed at the
ACUA WWTP. The screening criteria were evaluated based on the preliminary design
considerations provided in the Grit Removal Technology Alternatives Section.
Effectiveness – Based on the available literature and technical documents
provided by various suppliers, aerated grit chambers can be designed to remove 95% of
particles 150 μm in diameter. Information for removal efficiency of smaller particles is
not available. Since this technology is widely used throughout the world, its
effectiveness is rated second best among the four alternatives.
Implementability – Alternative 2 requires extensive construction unless the
chambers can be retrofitted into one of the existing aeration basins. This alternative is the
hardest to implement due to the complexities associated with the mechanical components
of the system, including air supply and influent flow re-routing.
Cost – Alternative 2 is presumed to be the costliest to construct, due to the system
size and the amount of mechanical components. O&M costs are presumed to be relatively
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low under the assumption that the influent will be screened prior to entering the
chambers, and the system will be designed to remove fine grit without experiencing
clogging.
Alternative 3 – Installation of Stacked Trays Vortex System
Under this alternative, a proprietary stacked tray free vortex grit removal system
will be designed and installed at the ACUA WWTP by the system manufacturer. The
design will incorporate the ACUA WWTP-specific grit characteristics described in
Chapters 3 and 4. The screening criteria were evaluated based on the preliminary design
considerations provided in the Grit Removal Technology Alternatives Section.
Effectiveness – The Alternative 3 system is claimed to be 95% effective at
removal of all grit with diameter 75 μm and larger. This alternative is presumed to be the
most effective among the four approaches evaluated in this study.
Implementability – Alternative 3 is a proprietary technology, and thus, requires a
single source procurement and implementation. Additionally, it may require extensive
construction unless the system can be retrofitted into one of the existing aeration basins.
This alternative is the second hardest to implement after Alternative 2 due to the
complexities associated with construction and implementation of necessary changes to
the headworks facility.
Cost – Alternative 3 is presumed to be the second costliest option to construct
after Alternative 2, due to the single source procurement of the system, as well as the
system size, which may necessitate extensive excavation. O&M costs are presumed to be
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the lowest among the four alternatives, as the system does not have include any
mechanical components.
Alternative 4 – Installation of Hydrocyclones at Pumping Stations
Under this alternative, hydrocyclone units will be installed at select pumping
stations, where enhanced grit input is likely (e.g., pumping stations routing wastewater
from coastal communities).
Effectiveness – Alternative 4 is not widely used for grit removal from wastewater
flow; however, it is widely used for degritting of sludge slurries. Since its overall
effectiveness for preliminary treatment of wastewater cannot be definitively confirmed at
this time, and due to the fact that this alternative is limited to the defined sections of the
collection network, it is rated as the third most preferred among the four options.
Implementability – Alternative 4 is the second easiest to implement after
Alternative 1. No extensive construction is required for this alternative. The
hydrocyclone units can be installed in-line with the collection pipes, provided that
sufficient pumping capacity or hydraulic head can be maintained.
Cost – Alternative 4 is the second least expensive to implement after Alternative
1, as the in-line hydrocyclone units do not require excavation or changes to flowrates,
provided the operational flow requirements are met. O&M costs are presumed to be the
second most expensive out of the four alternatives due to the necessity to dispatch
personnel to the pumping stations on a regular basis to remove accumulated grit.
Automated grit emptying options can be considered; however, they would significantly
increase the capital costs.
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Summary of Comparative Analysis of Alternatives
Each Alternative benefits and disadvantages were evaluated to determine the most
feasible one. Alternative 2 is likely to require a significant amount of construction, some
or all of it below grade. Considering the projected sea level rise, it may not be feasible to
construct below grade.. Alternatives 3 and 4 both offer significant advantages, but they
serve different purposes. Alternative 3 is more costly and difficult to implement, than
Alternative 4, but it will work on virtually eliminating grit from the wastewater stream
leaving the headworks facility of the plant. Alternative 4 will prevent most of the grit
ever reaching the plant, however, it will not be effective at removal of grit that is
infiltrating the collection network through broken pipes or flooded manholes. Either
Alternative 3 or Alternative 4 can be implemented at the ACUA WWTP, or the
alternatives can be implemented together.
Summary
Four categories of grit removal technologies were evaluated in this feasibility
study, including horizontal flow tanks, aerated grit chambers, vortex-type systems, and
hydrocyclones. Among the categories evaluated, three systems were selected for further
consideration, including aerated grit chambers, a stacked tray free vortex system, and
hydrocyclone units. Any of these systems can be implemented at the ACUA WWTP.
All systems were evaluated relative to one another and to the “No Action” alternative in
terms of effectiveness, implementability, and relative cost.
Alternative 3 – Stacked Trays Vortex System and Alternative 4 – Hydrocyclones
at Pumping Stations offer the best balance of cost/benefits. These alternatives can be
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implemented together, separately, or consecutively, i.e., hydrocyclones can be installed at
the pumping stations in the coastal areas ahead of the procurement and design of the
facility-wide grit removal system. Hydrocyclones will remove sand from the municipal
wastewater in the collection network; however, they will not eliminate grit entering the
system during storm events. Therefore, Alternative 4 may not be considered a viable
long-term solution, and a facility-wide grit removal system should be implemented using
the results of the grit characterization study presented in Chapters 3 and 4.
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Chapter 6
Conclusions and Recommendations for Future Work
The overall goal of this research was to promote a wider acceptance of the
necessity for customized facility-specific solutions for wastewater grit removal. A
comprehensive evaluation of site conditions provides information that can be used to
narrow the range of the assumptions incorporated in the design parameters, which
ultimately leads to construction of more efficient, cost-effective, resilient, and sustainable
infrastructure. This study is a significant contribution to not only the study site, the
ACUA WWTP, but to the other facilities, which can adopt the approaches developed
here to mitigate their own unique challenges.
The three research objectives presented in the beginning of this thesis were
achieved during this study through the implementation of the 12-month sampling and
analysis protocol, as described below.
Properties of Grit Entering the ACUA WWTP
Chapter 3 results confirm that the traditional definition of grit as a clean inorganic
sphere with a diameter larger than 0.21 mm is not applicable to grit entering the ACUA
WWTP. The majority of particles evaluated were finer and contained a significant
fraction of organic matter, which resulted in very low measured settling velocities.
Without the particle size distribution and settling velocity data, solids at the ACUA
WWTP appear to be fairly average in terms of concentration and composition, which
shows the importance of evaluating the exact parameters that influence their removal.
Additionally, a significant seasonal variability was observed in grit composition
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throughout the sampling period. Considering the fact that the ACUA WWTP receives the
influent from both coastal and inland communities, it is reasonable to anticipate an
increase in grit loads during the summer months; however, these anticipations are
difficult to estimate. The results of this study provide numerical evidence that during the
summer months, more grit in general, and more coarse grit (i.e., sand) specifically, is
present in the plant influent. Additionally, the results confirm that coastal areas can be
viewed as sources of enhanced grit input in the summer months.
Potential Grit Transport Through the Treatment Stages
Chapter 4 results demonstrate that in the absence of a grit removal system in the
preliminary treatment stage, a significant fraction of suspended solids is removed in the
primary clarifiers; however, primary overflow still contains grit, which is transported to
the downstream units. The solids settled out in the primary clarifiers comprise the
primary sludge. At the ACUA WWTP, primary sludge is mixed with RAS and off-site
sludges delivered to the plant by the outside contractors. Damage to sludge dewatering
equipment (i.e., centrifuges) and the costs associated with the resulting repairs, is one of
the most influential forces behind this study. While it is not clear if the damage to
equipment resulted from the grit particles settling during primary treatment, and
eventually incorporating into the primary sludge, or if grit is a substantial component of
the off-site sludge, the results in Chapter 4 demonstrate that inorganic solids that could be
classified as grit do transfer through the treatment stages into the primary sludge. These
results demonstrate that primary clarifiers are not an appropriate system for grit removal
and that the ACUA WWTP will benefit from implementation of a grit removal system.
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Additionally, a separate degritting system incorporated into the sludge process treatment
prior to dewatering may be considered to remove grit delivered to the plant with off-site
sludge.
A Feasibility Study for the Implementation of a Grit Removal System at the ACUA
WWTP
The results from Chapters 3 and 4 were incorporated into a feasibility study
geared for a grit removal system implementation evaluation at the ACUA WWTP. The
feasibility study is presented in Chapter 5 of this thesis. The results presented in Chapters
3 and 4 provided a sufficient basis to eliminate the non-feasible technologies during the
preliminary screening. The appropriate, reasonable, and achievable technologies deemed
capable of removing the grit from the ACUA WWTP influent stream were evaluated in
terms of effectiveness, implementability, and cost. Two preferred technologies were
identified in the feasibility study: installation of a stacked plate free vortex as the facilitywide grit removal technology or installation of hydocyclones at the pumping stations
throughout the collection network. The installation of hydrocyclones is alluring due to its
simplicity and presumed efficiency; however, the remoteness of some of the pumping
stations implies the difficulty in providing the resources necessary for required regular
maintenance (i.e., accumulated grit removal). The other preferred alternative was
determined to be the incorporation of a proprietary stacked plate free vortex system as the
main facility-wide grit removal unit. This free vortex stacked plate system has been
claimed to be 95% efficient at removal of grit 75 μm and larger. While both systems are
deemed feasible, they serve different purposes: the in-line hydrocyclone units would
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serve as a novel approach for the grit removal in the influent before it reaches the bar
screens, while the stacked plate system would be employed as a facility-scale grit
removal system.
Study Limitations and Data Gaps
At the onset in 2019, this study was designed to be all-encompassing. However, in
the winter of 2020, the COVID-19 pandemic and the government-imposed restrictions
halted the progression of this research. The data presented here were collected between
September 2020 and August 2021 at the time of the COVID-19-related restrictions still in
place. The magnitude of the pandemic impact on the data quality cannot be estimated;
however, it is advisable to assume that the average grit loading conditions evaluated in
this study may not be representative of the average conditions.
Besides the unanticipated conditions, such as global public health emergency, a
consideration should be given to the potential shortcomings of the experimental design.
This study has not evaluated the infiltration rates for the non-domestic wastewater
throughout the collection network. This estimation can be done during colder weather
time periods by calculating the difference between the billed volume of potable water and
the volume of influent received at the ACUA WWTP. This calculation will provide the
basis for the estimation of the stormwater intrusion into the wastewater collection pipes
through the broken sewer collection pipes or due to flooding. While seemingly
miniscule, these this estimation can provide an assessment of the condition of the ACUA
wastewater collection network. Additionally, the heaviest grit particles can settle and
accumulate within the collection network pipes and only enter the WWTP when a
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sufficient flow can be achieved and resuspend them in the wastewater flow (i.e., during
significant storm events). An evaluation of the average stormwater intrusion conditions
would help to differentiate between the average and extreme conditions.
Recommendations for Future Research
Finally, this study is not all-encompassing and numerous opportunities for
improvement are readily available. These opportunities include:
•

Improvements to the settling velocity experiments in order to incorporate
different settling trajectories;

•

Field-scale study of selected grit removal alternatives;

•

Evaluation of the stormwater infiltration rates followed by the
investigation of the impacted areas in the collection network; and

•

Application of the approaches developed in this research project to other
facilities in the U.S. and abroad.
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